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Abstract The aim of RILEM TC 247-DTA ‘Dura-
bility Testing of Alkali-Activated Materials’ is to
identify and validate methodologies for testing the
durability of alkali-activated concretes. To underpin
the durability testing work of this committee, five
alkali-activated concrete mixes were developed based
on blast furnace slag, fly ash, and flash-calcined
metakaolin. The concretes were designed with
different intended performance levels, aiming to
assess the capability of test methods to discriminate
between concretes on this basis. A total of fifteen
laboratories worldwide participated in this round robin
test programme, where all concretes were produced
with the same mix designs, from single-source alumi-
nosilicate precursors and locally available aggregates.
This paper reports the mix designs tested, and the
This article was prepared within the framework of RILEM TC
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compressive strength results obtained, including crit-
ical insight into reasons for the observed variability in
strength within and between laboratories.
Keywords Alkali-activated concretes 
Compressive strength  Blast furnace slag  Fly ash 
Metakaolin  Round robin
1 Introduction
To enable the full-scale concrete production using
innovative binding systems, including (but not limited
to) alkali-activated materials [1], it is essential that
standardisation of concrete moves from a prescriptive
basis toward a performance-based philosophy [2].
This will bring the necessary flexibility for material
producers to develop a formulation that is suited to the
particular application at hand, using all available
materials in the most efficient and effective way
possible.
However, performance-based specification of con-
cretes depends fundamentally on the assumption that
valid performance tests are available—and this is a
significant challenge when considering durability test-
ing of non-Portland cement-based concretes, for which
the accelerated testing methods that are commonly
applied to Portland cement-based materials are not
necessarily an accurate representation of the degrada-
tion that would take place in the field. This was
discussed in detail by RILEM TC 224-AAM ‘Alkali-
Activated Materials’ [1], and the outcomes of that
committee included identification of the need to
conduct inter-laboratory validation of existing stan-
dardised tests, to assess whether they can be used to
gainmeaningful information related to the durability of
alkali-activated concretes. To this end, RILEM TC
247-DTA was established, with the remit to develop
and implement a round-robin assessment of whether it
is valid to test alkali-activated concretes according to
the protocols of testing methods that are widely used
for the assessment of Portland cement-based concretes.
The underpinning philosophy of TC 247-DTA is
therefore based on ‘‘testing the tests’’. There was no
intention to develop a highly optimised alkali-acti-
vated concrete mix based on a particular precursor or
activator, or to provide general statements about the
suitability of these concretes for use under any
particular set of conditions. Rather, five concretes of
varying expected performance levels were designed
and produced, using three widely available precursors,
with the aim of applying tests to discriminate between
these different performance levels in a laboratory
context. This study design is based on the concept that,
S. A. Bernal
School of Civil Engineering, University of Leeds,
Leeds LS2 9JT, United Kingdom
D. Bondar  S. Nanukuttan
School of Natural and Built Environment, Queen’s
University Belfast, Belfast BT9 5AG, UK
A. Buchwald
ASCEM B.V., Beek, The Netherlands
A. Castel
School of Civil and Environmental Engineering,
University of New South Wales, Kensington, NSW 2052,
Australia
S. Chithiraputhiran  A. Dubey
USG Corporation, Libertyville, IL, USA
M. Cyr
Laboratoire Mate´riaux et Durabilite´ des Constructions
(LMDC), Universite´ de Toulouse, Toulouse Cedex 04,
France
A. Dehghan  K. Peterson
Department of Civil and Mineral Engineering, University
of Toronto, 35 St. George St., Toronto, ON M5S 1A4,
Canada
K. Dombrowski-Daube
Technical University Bergakademie Freiberg, Freiberg,
Germany
V. Ducman
ZAG Ljubljana, Dimicˇeva 12, 1000 Ljubljana, Slovenia
G. J. G. Gluth
Bundesanstalt fu¨r Materialforschung und -pru¨fung
(BAM), Unter den Eichen 87, 12205 Berlin, Germany
F. Puertas  M. Torres-Carrasco
Eduardo Torroja Institute for Construction Sciences
(IETcc-CSIC), Madrid, Spain
A. van Riessen
John de Laeter Research Centre, Curtin University, Perth,
WA 6845, Australia
99 Page 2 of 13 Materials and Structures (2019) 52:99
if all materials within a testing campaign provide a
high performance level, it is impossible to know
whether the testing methods could actually identify a
material that is not performing at acceptable levels, as
this would have been outside the scope of the
validation of the testing method. The mix designs
were kept intentionally as simple as possible, to ensure
that issues around the use of proprietary additives
(intellectual property, worldwide availability, repro-
ducibility) were kept to a minimum. Single-batch
sources of ground granulated blast furnace slag, fly
ash, and flash-calcined metakaolin were obtained and
distributed to all participants of the testing pro-
gramme, although locally-available aggregates were
used in each laboratory as the cost of transporting such
quantities of material would have proven prohibitive
for a global testing programme.
This paper reports the mix designs selected for use
throughout the work of RILEM TC 247-DTA, and
focuses mainly on the assessment of the compressive
strength of the concretes produced, including in
particular discussion of the causes of variation within
and between laboratories.
2 Experimental methodology
2.1 Materials
The key precursors used in all testing laboratories
were: ground granulated blast furnace slag (GBFS)
supplied by Ecocem (France), siliceous fly ash (FA)
supplied by BauMineral (Germany), and flash-cal-
cined metakaolin (MK) supplied by Argeco (France).
Each material was sourced from the supplier initially
as a single batch distributed to all participants, and the
results reported here refer to the single-batch materi-
als, although some later work on durability testing
required sourcing by some participants of additional
material which had been batched separately. Differ-
ences between precursor batches were found to be
minimal in terms of material composition, mineralogy
and reactivity. The chemical compositions of all
materials are shown in Table 1, and their basic
physical properties are listed in Table 2.
The amorphous fraction of the fly ash was deter-
mined by Rietveld analysis with recorded X-ray
diffraction patterns to be 74.9 wt%; the crystalline
phases were mullite, quartz, ferrite spinel phase(s),
hematite and periclase, and minor amounts of anhy-
drite, calcite and lime. The GBFS was almost com-
pletely amorphous, containing only minor amounts of
Table 1 Chemical composition of precursors used for concrete
production, as determined by X-ray fluorescence (XRF; shown
in plain text) or inductively coupled plasma optical emission
spectroscopy (ICP-OES) after total digestion (shown in italics);
LOI is the loss on ignition, measured in air at either 950 or
1000 C
Precursor CaO SiO2 Al2O3 MgO SO3 Fe2O3 TiO2 K2O Na2O LOI
GBFS 43.9 35.7 11.2 6.5 0.4 0.3 0.5 0.4 0.2 0.3
41.4 36.3 11.3 6.4 1.1 0.4 0.5 0.4 0.3 0.0
41.8 36.0 11.3 6.5 0.7 0.3 0.5 0.4 0.1 1.9
43.6 36.5 10.7 6.0 1.1 0.4 0.5 0.4 0.3 0.1
FA 6.0 53.1 22.1 2.4 0.6 8.0 0.9 2.2 0.9 2.4
7.3 48.6 21.7 2.4 0.8 8.0 1.0 2.1 1.1 5.3
6.0 51.8 23.0 2.5 0.5 7.4 0.9 2.2 0.8 2.3
5.6 53.5 21.9 2.5 0.5 8.3 1.0 2.2 1.0 2.4
MK 0.5 68.8 24.3 0.2 – 2.3 1.1 0.2 – 1.6
0.9 68.1 24.1 0.2 0.03 3.7 1.1 0.4 0.1 –
0.7 72.0 22.0 0.1 \ 0.04 2.2 1.1 0.2 0.1 1.4
All elements are represented on an oxide basis; compositions do not sum to 100% as some of the elements present in incompletely-
oxidised form contribute to both oxide and (negative) LOI constituents, and some minor constituents (e.g. MnO, BaO) are not shown.
Each row shows the determination conducted in a particular laboratory, and the differences between them provide an indication of the
expected uncertainty in this type of XRF analysis of SCMs
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gehlenite and calcite. The metakaolin contained a
considerable amount of quartz as well as minor
quantities of other crystalline impurities.
Each laboratory formulated sodium silicate activa-
tors, of identical composition according to the mix
design protocols provided to participants, by blending
locally available commercial sodium silicate solutions
of modulus (molar ratio SiO2/Na2O) of approximately
2.0, with appropriate quantities of reagent-grade
NaOH and tap water, to reach the specified modulus
for each concrete mix. Some laboratories employed
sodium silicates of different compositions, e.g. mod-
ulus 1.68, since such solutions could be used as the
sole activator constituent to produce the metakaolin-
based concrete mix. For logistical reasons, each
laboratory used their locally available aggregates;
some used siliceous aggregates and some calcareous,
and each used the closest possible approximation to
the specified grading curves based on local materials
availability and established practice.
Table 2 Physical properties of precursors used for AAM concrete production
Precursor d50 (lm)
a BET surface area (cm2/g) Density (kg/m3)
GBFS 11.8 995 2880
1070
FA 12.8 1700 2360
MK – 16,280 2200
aDetermined by laser diffraction using a dry dispersion unit; at least four measurements were taken for each precursor, with standard
deviation 0.1 lm
Table 3 Mix design parameters of the alkali-activated concretes tested
Concrete Precursor
(kg/m3)
Sodium
silicate
dosea
Sodium
hydroxide
doseb
Water/
binder
mass ratioc
Aggregate gradingd Estimated
air content
(%)e
Design
density
(kg/m3)e
Notes
S3a GBFS,
375
2.69 4 0.382 40% sand 0–4 mm, 60%
gravel 4–16 mm, to meet
A/B 16 curve
1.0 2375 High
strength
S1b GBFS,
357
1.34 3 0.420 40% sand 0–4 mm, 60%
gravel 4–16 mm, to meet
A/B 16 curve
1.0 2364 Moderate
strength
FA2 FA, 425 16.5 5.9 0.223 To meet A/B 16 curve 3.0 2350 High
strength
FA8 FA, 425 16.5 5.9 0.253 To meet A 16 curve 3.0 2324 Moderate
strength
MK1 MK, 350 32.3 2.7 0.393 To meet A/B 16 curve 1.0 2186 High
strength
aRepresented as g Na2Si2O5/100 g precursor, where the solid component of sodium silicate solution of modulus 2.0 is given as
Na2Si2O5. Where a different modulus of sodium silicate solution was used in some labs, the total activator dose was held constant but
the ratio between silicate and hydroxide constituents was changed
bRepresented as g NaOH/100 g precursor
cIncluding water added within the aqueous activator solution, or separately from the activator, and with ‘‘binder’’ defined as the sum
of precursor and solid activator components
dParticipants were instructed to match the A 16 (coarse) or A/B 16 (between coarse A and fine B) curves of DIN 1045-2 [3] as closely
as possible; some labs could only access all-in aggregates or only two different aggregate fractions and this gave some intrinsic
variability, whereas others were able to blend multiple fractions to give a closer match to the specified curve
eThe air content and density given here are nominal values used in mix design, and will vary depending on the nature of the
aggregates, mixing and casting protocols used in each lab
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3 Concrete mix design and curing
The concrete mixes tested by TC members are
summarised in Table 3, and the rationales for these
mix designs are presented in the following sections.
All concretes were designed to be cured under sealed
conditions at ambient temperature (20–25 C depend-
ing on local standard practice), with sufficient work-
ability and appropriate setting times observed in
preliminary testwork in selected (volunteer) laborato-
ries, to enable mixing and casting to be achieved in the
absence of proprietary admixtures. Care was taken in
all laboratories to avoid contamination by (for exam-
ple) adhered Portland cement-based materials in
mixers and other equipment. Sealed curing was
achieved by the use of polymeric films or bags
according to established practice in each laboratory;
samples were demoulded when sufficient strength had
been gained to enable this to be done without damage
to the samples, and the samples were then tightly
wrapped to prevent moisture loss (again in polymeric
films or bags) for continued sealed curing until testing.
3.1 Slag-based concretes
Two concrete mixes based on ground granulated blast
furnace slag were designed, one for high performance
and the other for moderate performance, denoted S3a
and S1b respectively. Concrete mixes were designed
and selected based on a campaign of mortar testing
conducted by ASCEM B.V., with candidate mortars
worked up into a small number of concrete mix
designs submitted to the TC for the selection of two to
take forward to the full test campaign. S3a was
designed to reach a higher strength than S1b via its
higher BFS content, higher activator dose and lower
water/binder ratio. Both slag-based concretes had flow
diameters of 300 ± 10 mm determined according to
EN 12350-5 [4].
While workable concretes at flow diameters of
around 300 mm were reported in most laboratories,
one participating laboratory experienced for mixes
S3a and S1b an extremely harsh workability; neither
mix could be appropriately compacted or cast. In such
an instance, suspicion will obviously fall upon the
aggregates used in that laboratory as the most likely
cause of differences from other facilities, as each
participant was using a locally available material.
However, the aggregates used in those tests were a
quarried siliceous (basaltic) aggregate and siliceous
sand that have been found, and published, to give very
good results for workability and strength in concretes
based on both AAM and Portland cement binders. The
laboratory was also using standard, well-established
processes and equipment, and skilled personnel, to
undertake the work. It is therefore unclear why these
mixes could not be produced effectively in this one
location.
3.2 Fly ash-based concretes
A full and detailed description of the mix design of the
fly ash-based concretes, denoted FA2 (higher strength)
and FA8 (moderate strength) respectively, is given in
[5]. The paste formulations were designed by Curtin
University by matching activator chemistry to the
characteristics and composition of the amorphous,
reactive component of the fly ash, based on the
methodology of [6], resulting in a binder with Si/
Al = 3.0 and Na/Al = 1.1 in both concretes. These
were then developed into mortar and concrete mixes
by collaboration between Curtin University and BAM.
FA2 was designed to reach a higher strength than FA8
via its lower water/binder ratio and through the
selection of an intermediate (A/B 16 from DIN
1045-2 [3]; in between the defined curves A and B)
aggregate grading curve rather than the coarser A 16
curve used in FA8. This came at the cost of a minor
reduction in workability (although still producing a
workable concrete); the EN 12350-5 [4] flow diameter
of FA8 was 490 mm (F4 class of EN 206), but this was
reduced to 370 mm (class F2) for FA2. Three labo-
ratories reported the flow diameters for these con-
cretes, and determined values which were in
agreement to within ± 50 mm in each case.
Several laboratories reported setting times of more
than 1 day for the fly ash-based mixes, while con-
versely, one laboratory reported flash setting that made
the compaction and casting of specimens very diffi-
cult. The staff of this laboratory reported that care had
been taken to avoid any chance of contamination by
Portland cement or other rapidly-reacting materials,
and the mixers used were not reported to be of unusual
power or characteristics, so the reason for this
behaviour is unknown.
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3.3 Flash-calcined metakaolin based concretes
A full description of the mix design protocols applied
for concretes based on flash-calcined metakaolin is
given in [7]; the paste and concrete formulations were
developed at the Universite´ de Toulouse as an
adaptation of the mix denoted C7 in [7]. This mix
had the highest compressive strength among a wide
spread of mixes tested in that work, while also
showing a moderate slump (consistency class S3/S4
[7] according to EN 206 [8]) and an EN 12350-5 flow
diameter of 530 ± 60 mm, and it has been validated
through larger-scale testing including the production
of reinforced beams using batch sizes exceeding 140 L
[7]. A single metakaolin-based mix was used through-
out the testing campaign.
3.4 Testing methodology
The concretes defined in Table 3 were produced in
fifteen participating laboratories. All laboratories
were instructed to use established expertise, facilities
and procedures to produce concretes according to
these common mix designs. Therefore, each labora-
tory generally followed a local modification of the
mixing, casting and curing procedures described in
the relevant ASTM, EN, AS or CSA standards; none
of these standards describe precisely a procedure
which is suitable for the production and testing of
alkali-activated concretes, so each laboratory adapted
their standard method to apply a procedure which is
suited to its own facilities. All participating labora-
tories have extensive expertise in the production and
testing of alkali-activated concretes, and used fully-
trained personnel (technical or postdoctoral staff, or
experienced graduate students) to apply the agreed
procedures.
Compressive strength testing was conducted
according to either ASTM C39 [9] or EN 12390-3
[10]; where 150 mm cylindrical samples were used
under either protocol, the results were multiplied by
1.25 to convert to equivalent cube strengths, mirroring
the factor used for equivalency in strength classes in
EN 206 [8]. Following the guidance of BS 8500-1 [11]
which considers 150 mm and 100 mm cubes to give
equal strengths, no further correction was applied to
account for sample size.
4 Results and discussion
4.1 Compressive strength—slag-based AAM
concretes
The compressive strength results obtained for the two
slag-based concrete mixes are presented in Fig. 1.
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Fig. 1 Compressive strengths determined for slag-based AAM
concretes: a S3a, and b S1b. All samples were cured under
sealed conditions at 20–25 C, except the hollow orange circles
in each plot, which represent the laboratory that cured samples
underwater. Each point represents a single reported result; each
laboratory returned between 1 and 6 strength result(s) per age,
and not all laboratories returned results for each mix at every
age. The solid line represents the mean of all reported data
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The data in Fig. 1 show that the higher activator
dose and BFS content, and lower water content, of S3a
resulted in an effective increase in the compressive
strength. One laboratory reported a very low set of
strength data for S3a, which may be attributed to their
use of underwater (rather than sealed) curing condi-
tions causing alkali washout. However, the same
laboratory reported strengths for S1b (also cured
underwater) that were in relatively good agreement
with the results obtained in other laboratories, falling
somewhat below the mean but not so evidently
discrepant. This provides an initial indication that
the sensitivity of these AAM concretes to differences
in mixing and curing parameters may depend on
factors that are not generally considered in concrete
technology; the concrete with a higher activator dose
appears to have lost the advantage of that extra
activator (and has probably actually lost some of the
extra activator through washout) due to having been
immersed when it was demoulded 24 h after casting.
The two slag-based concretes cast in that particular
laboratory had similar strengths at later ages despite
the formulation difference.
The mean strengths of both mixes increased
consistently up to 56 days; there is an apparent slight
decrease in strength in the S3a data at 90 days, but this
can be attributed to an artefact in the calculation of the
mean in the combined data set, as one of the
laboratories which reported high strengths at 56 days
did not return 90-day data. No participating laboratory
observed any strength regression over time in any of
the concretes studied, regardless of precursor nature or
mix design, and consistent with a large body of
literature on well-formulated alkali-activated pastes,
mortars and concretes cured under appropriate
conditions.
Figure 1a also shows some evident clustering of
results into a set that are very close to the mean, and
another set that are significantly higher. This cluster-
ing is related to the very good intra-laboratory
reproducibility of the test results reported; for each
batch of samples cast in each laboratory, there was no
more than 2 MPa difference between the highest and
lowest strength results recorded. One laboratory
reporting multiple batches did have a higher deviation
than this, with around 9 MPa difference between the
means of the two batches reported, but the reason for
this difference is not clear. Further discussion of
potential causes of between-batch variation are given
below in the context of fly ash-based AAM concretes.
Both the intra-laboratory and inter-laboratory vari-
ability in compressive strength data are also generally
consistent with the results of a recent round-robin test
of plain Portland cement concretes [12]. In that study,
15 participating laboratories returned low intra-labo-
ratory deviations in 28-day compressive strength, but
with the highest returned value being * 50% higher
than the lowest, even using identical fine and coarse
aggregates, and with highly standardised mixing and
casting protocols being applied in all laboratories—
which was not the case in the present study. So, based
on this comparison the results in Fig. 1 can be taken to
show that alkali-activated slag concretes are not any
more variable in compressive strength, in an inter-
laboratory comparison, than are plain Portland cement
concretes.
Comparing Fig. 1a and b, it appears that the higher-
strength mix, S3a, shows a smaller scatter in the results
than S1b, other than for the discrepant case of S3a
discussed above; considering the 28-day data for both
mixes, there is approximately a 20% difference
between the highest and lowest valid (non-outlier)
data points for S3a, but around 30% for S1b. Figure 2
shows the standard deviations associated with the
compressive strengths of each of the five concrete
mixes as a function of age. The percentage standard
deviation of the data for S3a is also clearly lower than
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strength data (excluding evident outliers) as a function of
concrete mix and curing time (curves, left-hand vertical axis),
and the number of results contributing to each of these standard
deviations (columns, right-hand vertical axis). Lines linking the
data points are to guide the eye
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for S1b at each age. However, the slag mixes show
significantly lower standard deviations than the fly ash
mixes at each age; the reasons for the high variability
in the fly ash concrete strengths will be explored in
more detail in the following section.
Figure 3 shows the ratios between the mean
compressive strengths reported for S3a and for S1b
by each laboratory that returned valid results for both
mixes. These data show that the participating labora-
tories achieved a remarkable consistency in the ratio
between the strengths of the two mixes (which differ
very significantly in performance levels), and thus
highlighting that the scatter in Fig. 1 is likely to be
related to the characteristics of the aggregates used in
each laboratory, and the influence of slight variations
in laboratory infrastructure (e.g. mixer type and power
consumption, compaction energy, mould type). This
further demonstrates that well-operated concrete lab-
oratories in various parts of the world can reproducibly
produce alkali-activated concretes, and that the rela-
tive performance levels of these concretes are highly
comparable between laboratories even if the absolute
performance levels differ.
The compressive strength data presented here thus
provide significant insight into the relative perfor-
mance and robustness of alkali-activated slag concrete
mix designs:
• For both mixes, the differences between the
highest and lowest valid results obtained increased
with curing duration. Some laboratories observed
that strength increase essentially finished at
28 days in S1b, but others found that the strength
gain continued beyond this time, and S3a generally
showed continued strength gain.
• Higher activator and BFS contents, and lower
water/binder ratio, resulted in higher strengths for
S3a than S1b.
• A mix with a low activator content (e.g. S1b) may
be considered less robust in terms of on-going
strength evolution. It is using its activator effi-
ciently to generate moderate strength, but when the
activator is largely consumed (e.g. around
28 days), the strength development is prone to
slow down or cease. This is likely to be related to a
reduction in the available alkalinity (effectively,
the pH) in the pore solution as the alkali activator is
consumed, leaving a long-term process which is
more akin to slag hydration (which is slow) rather
than continued alkali-activation. However, this is
variable between laboratories and the factors
causing this variability are not well understood,
and cannot be readily explained from the analysis
provided here, but do lead to a broader spread of
strength data at later age.
• A mix with a high activator content (e.g. S3a) is
more robust, because even if the available activator
is not used with full effectiveness, there is suffi-
cient excess that strength increase continues up to
at least 90 days; a 7-day strength of around
30–35 MPa increases to 50–60 MPa at 28 days,
and 55–75 MPa at 90 days. However, this mix is
still prone to issues with washout as were noted
above; underwater curing returned the material to a
lower performance level, similar to that of S1b.
• The parameter selected for controlling the concrete
strengths of S3a and S1b was the activator dose,
which is more influential at early age due to the
kinetic effects of high pH in accelerating slag
reaction [13]. Thus, the difference in strength
between the two mixes, shown in Fig. 3, decreased
at increasing age of the concretes in almost every
laboratory which reported results for both mixes.
The lower activator dose causes a greater perfor-
mance penalty at early age, but this is less critical at
later age (with the provision of an appropriate
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Fig. 3 Ratio of mean compressive strengths within each
laboratory between S3a and S1b at each age, for laboratories
that returned valid results for both concretes. Each line
represents one laboratory
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curing environment) as the microstructures of both
concretes continued to evolve.
4.2 Compressive strength—fly ash-based AAM
concretes
The compressive strength results obtained for the two
fly ash-based concrete mixes are presented in Fig. 4.
The data in Fig. 4 show that the addition of extra
water in FA8, along with the change in aggregate
grading, gave a decrease in compressive strength at all
ages compared to FA2. However, it is striking that
there is an enormous spread in compressive strength
values for both fly ash-based concretes in Fig. 4,
particularly at 28 days (although this is to some degree
exacerbated by the fact that this is the age at which the
largest number of data points were returned, Fig. 2).
The laboratories reporting the lowest 28-day strengths
for both FA2 and FA8 did not continue testing up to
56 days, but there were also laboratories achieving
higher 28-day strengths that did not return 56-day data,
so this cannot be the sole reason for the reduced spread
in data (and correspondingly the reduced standard
deviation, Fig. 2).
Additional key aspects to note from the data
presented in Fig. 4 include:
• Curing was conducted at ambient temperature
(between 20 and 25 C depending on local stan-
dard practice), under sealed conditions, in all cases
except one laboratory. That laboratory used sealed
curing boxes with liquid water in the bottom to
maintain a high humidity. This yielded 7-day
strengths below the overall average, but 28- and
56-day strengths matching or exceeding the aver-
age, potentially due to some early drying of the
samples. Nonetheless, the development of satis-
factory 7-day strengths under ambient temperature
conditions, and very good 28-day strengths, pro-
vides conclusive evidence that heat-curing is not
required for a well-designed alkali-activated fly
ash concrete that is based on a relatively good
quality fly ash combined with a suitable activator;
various assertions to the contrary within the
academic literature are not necessarily correct in
the general sense.
• The gain in strength from 28 to 56 days in all
laboratories is much greater than was observed for
slag-based binders, or for conventional cements.
The rate of increase of strength is only slightly
lower from 28 to 56 days than it is from 7 to
28 days, when considering the mean values among
all reported data. Within the data reported from
individual laboratories, the rate of increase is
slightly lower than this because, as was noted
above, several laboratories that reported relatively
low 28-day strengths did not report 56-day
strengths. However, the high degree of longer-
term on-going strength development does raise
important questions about the most relevant testing
age for both characteristic strength and durability
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Fig. 4 Compressive strengths determined for fly ash-based
AAM concretes cured under sealed conditions at 20–25 C:
a FA2, and b FA8. Each point represents a single reported result;
each laboratory returned between 1 and 6 strength result(s) per
age; not all laboratories returned results for each mix at every
age. The solid line represents the mean of all reported data
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of fly ash-based AAMs. The standard age of
28 days that is almost universally used for com-
pressive strength (and other) tests of Portland
cement-based materials was originally selected in
the second half of the nineteenth century (see [14]
and literature cited therein), and it is widely
assumed to be an age at which the ultimate strength
and other maturity characteristics of the material
are achieved or approached. However, modern
Portland cements gain a much higher percentage of
their ultimate strength by 28 days than do the
alkali-activated fly ash concretes tested here. It is
likely that the application of elevated-temperature
curing would lead to a higher 28-day/56-day
strength ratio, but the testing programme reported
here was designed to investigate solely room-
temperature cured materials, so this was not tested.
• Related to the preceding point, the 3- and 7-day
strengths of the fly ash-based AAM concretes were
low in many laboratories, although some results
between 15 and 20 MPa were reported for both
FA2 and FA8 at 7 days.
• One laboratory which produced multiple batches
of concrete, under very detailed quality control and
with otherwise excellent reproducibility, found
that one batch had identical 7-day but much lower
(by* 40%) 28-day strengths than the others. The
only potential explanation that could be reached
for this result was that all batches had been cured
under sealed conditions in plastic bags, and slightly
thinner bags were used for this particular batch. It
is not possible to state definitively that this would
be sufficient to cause such a difference in perfor-
mance—and such sensitivity to minor variations in
curing environment has not previously been
reported in the open literature for fly ash-based
AAMs—so this must be considered at best a
speculative explanation for the observed results.
Figure 5 presents the fly ash concrete data in a form
comparable to Fig. 3, showing the ratios between the
strengths of the two mixes in each individual partic-
ipating laboratory.
Figure 5 shows that the * 10% difference in
water/binder ratio, as well as the improved aggregate
grading curve, yielded a strength for FA2 that is
consistently around 20% higher than FA8 in a within-
lab comparison. The within-lab comparisons show
more clearly the difference between the twomixes that
are less obvious from Fig. 4 due to the scatter within
each inter-laboratory data set. The ratio between the
concrete strengths is remarkably consistent as a
function of time in each participating laboratory. The
use of water-binder ratio and aggregate grading as the
key parameters to change the concrete strength for the
fly ash-based concretes, in contrast to the use of the
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Fig. 5 Ratio of mean compressive strengths within each
laboratory between FA2 and FA8 at each age, for laboratories
that returned valid results for both concretes. Each line
represents one laboratory
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based AAM concretes cured under sealed conditions at
20–25 C. Each point represents a single reported result; each
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activator dose to control the performance of the slag-
based concretes (Fig. 3), did not lead to a strong time-
dependence in the strength ratio as was identified
above for slag-based AAMs.
4.3 Compressive strength—metakaolin-based
AAM concretes
Figure 6 shows the compressive strengths of the
metakaolin-based AAM concretes tested in each
laboratory, as a function of age. The scatter in these
data is smaller than for the fly ash or slag-based
concretes, particularly at later age, and there are no
evident outliers at any age. The metakaolin-based
AAM concretes were, in all except one laboratory,
within 5 MPa of their ultimate (28- or 56-day) strength
by 7 days. The small number of 3-day data returned
were also high, within 10 MPa of the ultimate
strengths that were reached in those laboratories,
although one laboratory did report a strength of less
than 0.3 MPa at 5 days (but still exceeded 40 MPa at
7 days). This is a striking difference from the slag-
based and fly ash-based AAM concretes, which gained
strength much more slowly, although the activator
dose used in the metakaolin-based mixes was much
higher than in the other concretes. Highlighting once
more that these specimens were all cured at ambient
temperature, this set of results provides a definitive
answer to questions around whether all AAMs require
heat-curing for satisfactory early strength generation;
it is eminently clear that this is not the case.
These data also show no evidence of strength
regression or other forms of sample ‘misbehaviour’
that are sometimes described in the technical literature
for clay-based AAMs. As for the fly ash-based and
slag-based binders, the within-laboratory repro-
ducibility of the test results was very good, with no
more than 10% spread across replicates in any given
laboratory. Comparing different laboratories, there is
not a strong correlation between those which achieved
relatively higher (or lower) strengths in the metakao-
lin-based mixes compared to the fly ash-based mixes;
for example, one laboratory which obtained low
strengths for both fly ash-based concretes returned
an above-average strength for the metakaolin-based
mix. The laboratory which cured in boxes over liquid
water again reported a 7-day strength below the mean,
but values were comparable to the other laboratories at
28 and 56 days. It is therefore likely that the
differences are attributable, at least in part, to differ-
ences in compatibility between binders and aggregates
in each laboratory (probably depending on aggregate
mineralogy and geometry), rather than being system-
atically attributable to any particular aspect of labo-
ratory practice.
5 General remarks and connected studies
The results presented here show that the basic
mechanics of concrete strength testing as specified in
existing standards for Portland cement concrete
appear to be applicable for alkali-activated concretes.
By means of compressive strength testing, the differ-
ence between mix designs is identifiable for each
precursor. The two performance levels of concrete that
were produced for each of the slag and fly ash
precursors give a useful starting point for the com-
parison of concrete durability. However, the use of
28 days as a testing age to determine the ‘ultimate’
properties is not necessarily appropriate for all of these
materials. The flash calcined metakaolin-based mixes
can reach their ultimate strength much sooner than
this, and so waiting until 28 days is not a good time
investment. Conversely, the fly ash-based concretes
continue to gain much more strength beyond this age,
so could benefit from 56-day testing, as has been
discussed extensively for other materials such as
Portland cement blended with slower-reacting poz-
zolans. Among the three sets of concretes tested, those
based on slag are probably the closest to being well-
represented by a 28-day determination of characteris-
tic strength.
Additional work reporting material parameters and
characterisation of these concretes (and their con-
stituent pastes and mortars), including permeability,
porosimetry and more detailed microstructural anal-
ysis related to durability, has been published by
various participating groups in publications including
[5, 13, 15–20]. In two papers that will follow this
publication, round-robin test results for chloride
migration/diffusion, carbonation, alkali-silica reac-
tion, sulfate and freeze–thaw/frost-salt resistance, will
be presented and discussed.
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6 Conclusions
This paper has reported the compressive strength
results collected through the round-robin testing of
RILEM Technical Committee 247-DTA, for alkali-
activated concretes based on ground granulated blast
furnace slag, on fly ash, and on flash-calcined
metakaolin. Two mixes were formulated for the slag
and the fly ash precursors, and one for the metakaolin;
where two mixes were used per precursor, these were
designed to show distinguishable performance levels,
and the expected differences were observed across
laboratories. The round-robin test outcomes showed
that each participating laboratory was able to repro-
ducibly produce alkali-activated concretes, with inter-
laboratory deviations that are broadly consistent with
expectations for Portland cement-based concretes.
The differences in compressive strength between each
pair of concretes (where two concretes were generated
from a single precursor) were very consistent between
participating laboratories; the ratios of the strengths of
the two slag-based and the two fly ash-based concretes
provided a very good indication of reproducibility of
the test results. The use of activator dose as a
parameter to manipulate concrete strength leads to a
strong time dependency in the ratio between concretes
of differing performance levels, but this is not evident
when the water/binder ratio is used to manipulate
concrete strength. The concretes characterised and
tested in this study appear suitable, in terms of basic
mechanical properties, to be carried forward into the
durability testing programme of the RILEM TC
247-DTA round robin tests.
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